We investigate the properties of OH, SiO, and H 2 O maser emission in O-rich AGB stars. We use a sample of 3373 objects, which is an updated version of the list of O-rich AGB stars presented in Suh & Kwon (2011) . We divide the 3373 O-rich AGB stars into four different groups based on the maser emission: OH maser sources (1533), SiO sources (1627), H 2 O sources (452), and sources with no maser (610). To understand the nature of the maser sources, we present various infrared two-color diagrams (2CDs) using IRAS, 2MASS, and AKARI data. For each group, we compare the positions on various infrared 2CDs with theoretical models. We find that the OH maser sources generally show larger color indices and larger dust optical depths than SiO or H 2 O sources. We suggest that the differences of the color indices for different maser sources are due to different mass-loss rates and dust formation processes.
INTRODUCTION
Nearly all asymptotic giant branch (AGB) stars can be identified as long-period variables (LPVs). The AGB phase of the LPV is characterized by dusty stellar winds with high mass-loss rates (10 −8 − 10 −4 M yr −1 ; e.g., Wachter et al. 2002) . The main site of dust formation is believed to be the cool envelopes around AGB stars. OH, SiO, and H 2 O masers have been found to be associated with O-rich AGB stars. The masers are located in the circumstellar envelopes, with the SiO masers closest to the star (and possibly even inside the expanding envelope), and the OH masers furthest away. These masers from the O-rich AGB stars provide unique information for the structure and dynamics inside the circumstellar envelope.
It is known that the percentage of objects with detectable SiO and H 2 O maser emission decreases with increasing mid-infrared colors for OH/IR stars (e.g., Gómez, Moran, & Rodríguez 1990 ). Nyman, Hall & Olofsson (1998) argued that variability and SiO maser emission are closely linked, and that SiO masers disappear very soon after a star has reached the end of the AGB phase, when pulsation and mass-loss cease. All three types of masers are usually found around stars presently losing mass. However, when the mass-loss stops, the H 2 O and SiO masers disappear, whereas the OH masers remain active also during the post-AGB Corresponding Author : K.-W. Suh stage (e.g., Lewis 1989) .
In this paper, we investigate the properties of OH, SiO, and H 2 O maser emission for the 3373 O-rich AGB stars including the 3003 objects listed in Suh & Kwon (2011) . To understand the nature of the maser sources, we present various infrared two-color diagrams (2CDs) using Infrared Astronomical Satellite (IRAS), TwoMicron All-Sky Survey (2MASS), and AKARI data. We divide the sample stars into four different groups depending on the detection of OH, SiO, H 2 O, and stars without maser emission. For each group, we compare the positions on various infrared 2CDs with theoretical models. Suh & Kwon (2011) presented the list of 3003 Orich AGB stars, which is part of the revised version of the AGB star catalog in our Galaxy from the sources listed in the IRAS Point Source Catalog (PSC) by Suh & Kwon (2009) . In this paper, we update the list of Orich AGB stars by adding new SiO maser sources which are believed to be O-rich AGB stars. Table 1 shows the new list of 3373 O-rich AGB stars. Compared with Suh & Kwon (2011) , the total number of O-rich AGB stars is increased by 370. We present the updated list of SiO maser sources and references in Table 1 ; the 459 new sources from the four references are added to the list of SiO maser sources in Suh & Kwon (2011 
SAMPLE STARS

2M ASS 411
AKARI-PSC 372
AKARI-BSC 338
1 The number has been updated after considering the three types of maser sources. 2 The list has been corrected. Fig. 1 shows the distribution of numbers for the four different groups in the list of 3373 O-rich AGB stars. Some of the sources with no maser were observed by maser observations without any detection. The remaining sources without maser were not observed by any maser observations. Among the 610 sources with no maser, only one hundred sources were observed by any type of maser observations without detection. Only three sources were observed by all of the three types of maser observations without any detection.
The AKARI and 2M ASS Data
Using the position information in the IRAS PSC, we cross-identify the AKARI and 2MASS counterparts by finding the nearest source for each object in the list of 3373 O-rich AGB stars.
We utilize the 2MASS data at K s (2.17 µm) band. We cross-identify the 2MASS source by finding the nearest one within 10 arcsec. We have found the 2MASS counterparts for 3208 O-rich AGB stars (detection rate: 95.1%).
For the AKARI PSC, we determine the closest counterpart in position within 10 arcsec. For the AKARI Bright Source Catalog (BSC), we find the closest source in position within 1 arcmin. We have cross-identified 2708 O-rich AGB stars (detection rate: 80.3%) for the AKARI PSC counterparts and 1710 O-rich AGB stars (50.7%) for the AKARI BSC counterparts. We use AKARI PSC data at two bands (9 and 18 µm) and BSC data at four bands (65, 90, 140 and 160 µm). Kwok, Volk, and Bidelman (1997) classified IRAS LRS into astrophysical classes, based on the emission and absorption features and shapes of the continuum. Generally, O-rich AGB stars are classified into the E class (the 10 µm silicate feature in emission) or A class (the 10 µm silicate feature in absorption).
IRAS LRS Data
In Table 2 , we present the distribution of the IRAS LRS classes for the 1942 stars which have IRAS LRS data from the list of 3373 O-rich AGB stars (see Kwok et al. 1997 for detailed explanations about the IRAS LRS classes). Most O-rich AGB stars are classified into the E class. More OH maser sources (17%) are in the A class than SiO (6%) and H 2 O (7%) maser sources. This means that OH maser sources have optically thicker silicate dust envelopes than other maser sources.
2CDs FOR DIFFERENT MASER SOURCES
In Figs. 2-5, we present various infrared 2CDs using IRAS 12, 25, 60 and 100 µm bands, AKARI 9, 18, 65, 90, 140 and 160 µm bands and 2M ASS (K s band) data. On the four 2CDs, the stars in the upperright regions have thicker dust shells with larger optical depths.
For any 2CDs using IRAS, AKARI and 2M ASS PSC data, we plot only the objects with good quality (quality flag = 3) at any wavelength. The color index is defined by
where ZM C λi is the zero magnitude calibration at a given wavelength λi (see Suh & Kwon 2011 for the magnitude scales). Fig. 2 Ratio ( 
Averaged Color Indices for Different Maser Sources
There are differences in average color indices for OH, SiO, H 2 O, and no maser sources. The averaged color indices for OH, SiO, H 2 O, and no maser sources are marked by dash-dot lines (blue), dashed lines (red), dash-dot-dot lines (green), and solid lines (dark yellow), respectively, in the various 2CDs (see Figs. 2-5) .
In Table 3 , we list the averaged color indices for each 2CD. In all 2CDs, OH maser sources show larger color indices than SiO and H 2 O maser sources. SiO and H 2 O maser sources, instead, show similar color indices. We also show the approximate dust optical depth at 10 µm (τ 10 ; see Section 3.2) for the averaged color index on the horizontal axis. We find that OH maser sources have thicker dust envelopes than SiO and H 2 O maser sources. No maser sources show even smaller averaged color indices and dust optical depths for all the colors.
In the three panels of Fig. 6 , we present the distribution of relative ratios of number counts for different maser sources in the range of the color index. Only for OH maser sources, the ratios show overall increases with the color index. However, the ratios for SiO, H 2 O, and no maser sources show overall decreases with the color index. This means that most high mass-loss rate O-rich AGB stars with thick dust envelopes are OH maser sources.
Comparison with Theoretical Models
In this paper, we use the radiative transfer code DUSTY developed by Ivezić & Elitzur (1997) for a spherically symmetric dust shell. The outer radius of the dust shell is always taken to be 10 4 times the inner radius (R c ). The inner shell dust temperature (T c ) is the dust temperature at R c .
For the central star, we assume that the luminosity is 10 4 L and the stellar blackbody temperature is 2500 K for τ 10 ≤ 3 and 2000 K for τ 10 > 3.
We use the optical constants of warm and cold silicate grains derived by Suh (1999) . The radii of the spherical dust grains are all 0.1 µm. We choose 10 µm as the fiducial wavelength that sets the scale of the optical depth (τ 10 ), and compute models for eleven optical depths (τ 10 = 0. 005, 0.01, 0.05, 0.1, 0.5, 1, 3, 7, 15, 30 and 40) . We use the warm silicate dust grains for 7 models with τ 10 ≤ 3, and the cold grains for 4 models with τ 10 > 3.
We plot the track lines from the theoretical models for silicate dust with T c = 1000 K on the 2CDs (see . We find that the model tracks roughly coincide with the densely populated observed points. Stars in the upper-right regions have thicker dust shells with larger optical depths.
We may estimate the approximate mass-loss rate by assuming that the shell expansion velocity is about 15 km s −1 for typical AGB stars, the bulk density (ρ d ) of the silicate grains is 3.3 g cm −3 , and the gas to dust ratio is 100 using the procedures presented in Suh (2002) . In Table 4 , we list the approximate mass-loss rates and theoretical color indices obtained from the theoretical models, for different dust optical depths.
In Section 3.1, we argued that OH maser sources show larger averaged color indices than the SiO and H 2 O ones. This means that the OH maser sources have optically thicker dust envelopes and higher mass-loss rates than other maser sources (see Table 4 ). Because sources with no maser show even smaller averaged color indices than SiO and H 2 O maser sources, most of them are believed to be extremely low mass-loss rate O-rich AGB stars González-Delgado et al. (2003) found that the SiO abundance in O-rich AGB stars decrease with increasing mass-loss rate. They interpreted this trend as a depletion of SiO molecules, because of condensation onto silicate dust grains in the circumstellar envelopes. The efficiency of SiO maser emission would decrease with the mass-loss rate, due to depletion of SiO molecules.
Candidates for Post-AGB Stars
Suh & Kwon (2011) argued that 18 O-rich stars in the 3003 sample stars are likely to be post-AGB stars. The positions of the 18 candidates for post-AGB stars are marked in the 2CDs (Figs. 2-5 ). Among the 18 candidate stars, 17 stars are OH emission sources, 3 are SiO sources, 6 are H 2 O sources, and no maser was detected for one star (IRAS 17436+5003).
IRAS 17436+5003, which is believed to be a high mass-loss rate O-rich AGB star or a post-AGB star, was observed by OH and H 2 O maser observations without any detection. The object appear to be rare, because most of the no maser sources are considered to be extremely low mass-loss rate O-rich AGB stars.
OH maser emission was detected for an overwhelming portion (17 out of 18) of the candidates for post-AGB stars, while SiO and/or H 2 O maser was detected only for a minor portion.
CONCLUSIONS
We have investigated the properties of OH, SiO, and H 2 O maser emission in O-rich AGB stars by using the sample of 3373 objects, a revised version of the list of O-rich AGB stars presented in Suh & Kwon (2011) . The 3373 O-rich AGB stars have been divided into four groups, based on the maser emission: OH maser sources (1533), SiO sources (1627), H 2 O sources (452), and no maser sources (610).
In the distribution of IRAS LRS classes, more OH maser sources (17%) are in the A class than SiO (6%) and H 2 O (7%) maser sources. This means that OH maser sources have optically thicker silicate dust envelopes than other maser sources.
We have presented various infrared 2CDs using IRAS, AKARI, and 2MASS data for the 3373 O-rich AGB stars. We have found that OH maser sources show larger averaged color indices than SiO, H 2 O, and no maser sources on infrared 2CDs. For each group, we have compared the positions on various infrared 2CDs with theoretical models. Generally, OH maser sources have optically thicker dust envelopes and higher mass-loss rates than other maser sources. We suggest that the differences of color indices for different maser sources are due to different mass-loss rates and dust formation processes.
The chemical and physical properties of the dense envelopes of gas and dust would go through wide variations during an AGB star rapidly evolves into a post-AGB star. Most high mass-loss rate O-rich AGB stars with thick silicate dust envelopes are OH maser sources. Only a small portion of them are SiO and/or H 2 O maser sources. This could be due to depletion of SiO and/or H 2 O molecules, after the formation of silicate and/or water-ice dust grains. More investigations will be necessary to confirm this explanation.
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